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Tagging the Bat’s Own Calls – A Solution to the ‘‘Cocktail Party
Nightmare’’ of Multi-Bat Calls. As another solution to the ‘cocktail
party nightmare’ problem, the bat could ‘tag’ the timing of its own
calls, and thus be able to process only its own echoes and ignore
the calls and echoes from other bats. One interesting possibility
for achieving such tagging was demonstrated in studies by Nobuo
Suga and colleagues, who studied the mustached bat (Pteronotus
parnellii), a CF–FM bat that produces a multiharmonic call
which contains most of its energy in the second harmonic (1),
similar to the call of Rhinolophus shown in Fig. 1 A. They found
neurons in the mustached bat’s auditory cortex that responded
only when the pulse contained the first harmonic and the echo
contained the second (or higher) harmonic (‘‘combination-
sensitive neurons’’) (1, 2). This suggests that the faint first
harmonic of the bat’s own call, which is audible to the bat
(through air or bone conduction), would activate these combi-
nation-sensitive neurons, but the calls of other bats would fail to
do so – because the strong atmospheric attenuation of ultrasound
(3) would prevent the faint first harmonic produced by other bats
from reaching the bat’s ears at an audible level, since it needs to
travel a few meters in the air. This intriguing mechanism for
tagging the bat’s own calls and echoes has been demonstrated
also in another CF–FM species, the horseshoe bat, Rhinolophus
(4). However, this mechanism would likely not apply to the
majority of FM bat species, in which most of the energy is
concentrated in the first harmonic of their call rather than in the
second harmonic (e.g., compare the FM and CF–FM calls in Fig.
1A): In bats with such call structure, the strong atmospheric
attenuation of high frequencies (i.e., of high harmonics) would
preclude detection and combination-sensitivity to higher har-
monics of the echoes. Since the largest congregations of bats on
Earth are formed by FM bats that have a dominant first harmonic
(5), i.e., the Brazilian free-tailed bat (Fig. 3 A and B), this
suggests that many FM bat species must use other mechanisms.
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Range-Dependent Adjustments in the Calls of a Bat as It Attacks an
Insect: Several changes occur in the bat’s sonar calls as it attacks
an insect. First, as the bat approaches the target, it emits the next
call after receiving the echo from the previous call (1), which

results in an increased call-rate as the bat closes in on the target;
this effectively increases the update rate of the bat’s stroboscopic
sonar system, which is helpful during high-speed aerobatic chases
of insects. Second, the bandwidth of the call increases with the
approach to the target (Fig. 1B), and an increased bandwidth is
known from sonar theory to improve the range-estimation
accuracy (2), thus enhancing the precision of the bat’s attack.
Third, the duration of the bat’s call decreases with its approach
to the target, and this allows the bat to avoid the difficulties
associated with detecting the target’s faint echo while still
emitting its extremely loud call, whose intensity can reach �130
dB SPL at 10 cm (3). Reduced sensitivity to echoes that arrive
close to the time of sonar emission occurs because of middle-ear
muscle contraction during the vocalization (4) and neural at-
tenuation in the brainstem (5); the reduction of the call duration
during the attack phase allows the bat to separate in time the call
from the echo and to avoid overlap between the two, thus helping
the bat to continue tracking the insect even at very short
distances.
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Changes in the Spectro-Temporal ‘‘Shape’’ of Echolocation Calls May
Minimize the Systematic Errors Introduced into the Ranging Estimate
by the Bat’s Own Motion. These flight-related errors are intro-
duced because the bat emits its calls in one position and hears
the echo at a slightly different position, and because of the
Doppler shift of the echo frequencies – both of which distort the
computation of target range (1, 2). Importantly, there is a certain
physical distance from the bat at which these two errors cancel
out, and targets located at that distance are localized accurately:
This distance was termed the ‘distance of focus’, and it turns out
to depend on the detailed shape of the frequency-modulated
call, such as its sweep-rate and curvature (1, 2). A recent study
has shown that bats f lying along a hedge adaptively changed the
spectro-temporal shape of their calls so as to maintain the
instantaneous distance to the hedge within the distance of focus,
thus minimizing the ranging errors, and presumably reducing the
risk of collision (2).

1. Suga N, O’Neill WE, Manabe T (1979) Harmonic-sensitive neurons in the auditory cortex
of the mustache bat. Science 203:270–274.

2. Suga N, O’Neill WE, Manabe T (1978) Cortical neurons sensitive to combinations of
information-bearing elements of biosonar signals in the mustache bat: Science
200:778–781.

3. Lawrence BD, Simmons JA (1982) Measurements of atmospheric attenuation at ultra-
sonic frequencies and the significance for echolocation by bats. J Acoust Soc Am
71:585–590.

4. Schuller G, O’Neill WE, Radtke-Schuller S (1991) Facilitation and delay sensitivity of
auditory cortex neurons in CF–FM bats, Rhinolophus rouxi and Pteronotus p. parnellii.
Eur J Neurosci 3:1165–1181.

5. Neuweiler G (2000) The Biology of Bats (Oxford Univ Press, Oxford, UK).

1. Schnitzler H-U, Moss CF, Denzinger A (2003) From spatial orientation to food acquisi-
tion in echolocating bats. Trends Ecol Evol 18:386–394.

2. Le Chevalier F (2002) Principles of Radar and Sonar Signal Processing (Artech House,
Norwood, MA).

3. Holderied MW, von Helversen O (2003) Echolocation range and wingbeat period
match in aerial-hawking bats. Proc R Soc London Ser B 270:2293–2299.

4. Jen PH, Suga N (1976) Coordinated activities of middle-ear and laryngeal muscles in
echolocating bats. Science 191:950–952.

5. Suga N, Schlegel P (1972) Neural attenuation of responses to emitted sounds in
echolocating bats. Science 177:82–84.

1. Boonman AM, Parsons S, Jones G (2003) The influence of flight speed on the ranging
performance of bats using frequency modulated echolocation pulses. J Acoust Soc Am
113:617–628.

2. Holderied MW, Jones G, von Helversen O (2006) Flight and echolocation behaviour of
whiskered bats commuting along a hedgerow: range-dependent sonar signal design,
Doppler tolerance and evidence for ‘acoustic focussing.’ J Exp Biol 209:1816–1826.

Ulanovsky and Moss www.pnas.org/cgi/content/short/0703550105 1 of 2

http://www.pnas.org/cgi/content/short/0703550105


1. Williams TC, Williams JM (1970) Anim Behav 18:302–309.
2. Bateman GC, Vaughan TA (1974) J Mammal 55:45–65.
3. Heithaus ER, Fleming TH, Opler PA (1975) Ecology 56:841–854.
4. Racey PA, Swift SM (1985) J Anim Ecol 54:205–215.
5. Schaub A, Schnitzler H-U (2004) in Abstracts of the 13th International Bat Research

Conference, Poland.

6. Eastman KM, Simmons JA (2005) Acoust Res Lett Online 6:257–262.
7. Adams RA, Simmons JA (2002) Acta Chiropt 4:195–199.
8. Lewis SE (1995) J Mammal 76:481–496.
9. Brigham RM (1991) Can J Zool 69:117–121.

10. Bernard E, Fenton MB (2003) Biotropica 35:262–277.
11. McCracken GF (1993) Anim Behav 45, 811–813.

Fig. S1. What is it like to be a bat? When foraging in real-life situations, the echolocating bat faces multiple complex tasks. To illustrate this, consider a nightly
feeding flight (see figure): The bat leaves its roost and flies toward the hunting grounds, often following well-remembered routes, called ‘flyways’ (1–5).
Obstacles may be present on the way, but the bat dodges branches and telephone wires with ease. Then the bat arrives at its feeding territory, where it hunts
for insects while having to avoid collisions with obstacles such as trees or light posts, and it has to ignore the confusing echoes that return from various ‘clutter’
objects such as bushes or the ground. Moreover, the bat often does all this in the presence of many other bats (6), whose vocalizations may introduce substantial
acoustic interference, or ‘jamming’ of the bat’s echolocation. The bat may also engage in drinking passes at a local water hole, which are done in-flight, while
avoiding potentially-fatal aerial collisions with other drinking bats or with the water surface (7) – and all of this must be done while keeping an open ear for
the approach of predators, such as bat hawks. The bat then flies back to its roost, relying on its spatial memory: many bats return night after night to the same
roosting spot, such as the same crevice inside a complex cave or the same roosting tree in the forest (8–10), or – if it is a female – it may need to find its pup in
the cave, sometimes among several millions of other pups that are screaming for their mothers (11). The execution of these behaviors requires three key elements,
on which the paper focuses: (i) Auditory scene analysis; (ii) Sensorimotor transformations; (iii) Spatial memory.
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